Introduction {#Sec1}
============

Aldehyde oxidase (AOX) is a member of the molybdo-flavoprotein enzyme family that is mainly localized in the cytosolic subcellular fraction. It plays an important role in the oxidation of aromatic azaheterocycles. The common substrates for this reaction type include methotrexate (MTX) \[[@CR1]--[@CR3]\], SGX523 \[[@CR4]\], JNJ-38877605 \[[@CR5]\], and phthalazine \[[@CR6]--[@CR8]\] (Fig. [1](#Fig1){ref-type="fig"}). To date, the significance of AOX as a drug-metabolizing enzyme is increasing because of the trend in the medicinal chemistry strategy of introducing *N*-heterocycle moieties, which can reduce or remove cytochrome P450 metabolic liability and achieve increased solubility and low lipophilicity, into candidate drugs. The proportion of potential AOX substrates among compounds that have already progressed to the drug market is 13%, whereas that for compounds under development at Pfizer is 45% \[[@CR9]\].Fig. 1AOX-mediated oxidation of aromatic azaheterocyclic compounds.

The number of drugs metabolized by AOX is increasing, but studies on AOX inhibition and induction are limited. AOX is induced by environmental pollutants and toxic agents, such as phthalazine \[[@CR10]\], *N*-methyl-*N*′-nitrosoguanidine \[[@CR11]\], and dioxin \[[@CR12], [@CR13]\]. To the best of our knowledge, no reports are available on AOX induction by commonly used clinical drugs.

MTX is an antifolate agent that is widely used in treating rheumatoid arthritis. Nimesulide (NIM) is a commonly prescribed nonsteroidal anti-inflammatory drug that can improve the therapeutic effect of MTX in the symptomatic alleviation of rheumatoid arthritis \[[@CR14]\]. However, a recent study revealed that the combination of MTX with NIM increased the risk of liver injury \[[@CR15]\]. MTX was mainly metabolized by AOX to form 7-hydroxymethotrexate (7-OH MTX), which displayed higher toxicity than the parent drug \[[@CR16]--[@CR18]\]. Thus, we speculated that NIM could increase the formation of the toxic metabolite 7-OH MTX by inducing AOX.

In the present study, we examined the effect of NIM on AOX activity in primary human and rat hepatocytes using MTX as a probe substrate. NIM was extensively metabolized in humans and rats. The main metabolic pathways included phenoxy ring hydroxylation to generate 4′-hydroxynimesulide (M1), reduction of the nitro group (M2), and subsequent acetylation (M4) (Fig. [2](#Fig2){ref-type="fig"}) \[[@CR19]\]. The role of NIM metabolites in modulating AOX activity was also evaluated. Furthermore, we investigated the influence of NIM on the disposition of MTX and 7-OH MTX in rats and explored the changes in the protein and mRNA levels of AOX after NIM treatment.Fig. 2Major metabolic pathways of NIM.

Materials and methods {#Sec2}
=====================

Chemicals and reagents {#Sec3}
----------------------

MTX, 7-OH MTX, and d~3~-MTX were purchased from Dalian Meilun Biotech Co. (Dalian, China). NIM, phthalazine, and protease inhibitor cocktail were obtained from Sigma-Aldrich (St. Louis, MO, USA). The 4′-hydroxynimesulide (M1), nitro-reduced nimesulide (M2), and acetylated metabolite of nitro-reduced nimesulide (M4) were synthesized as previously described \[[@CR19]\]. SGX523 and JNJ-38877606 were purchased from Selleck Chemicals (Houston, TX, USA). All reagents used in the cell culture were supplied by Invitrogen (Carlsbad, CA, USA). A bicinchoninic acid assay (BCA) protein assay kit and radioimmunoprecipitation assay (RIPA) buffer were purchased from Beyotime (Shanghai, China). The rabbit anti-AOX1 polyclonal antibody and goat anti-AOX3 polyclonal antibody were obtained from Santa Cruz (Dallas, CA, USA). The rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) monoclonal antibody was purchased from CST (Danvers, MA, USA). All other reagents and solvents were either of analytical or high-performance liquid chromatography grade.

Hepatocyte isolation and culture {#Sec4}
--------------------------------

Fresh rat hepatocytes were isolated from male Wistar rats (6--8 weeks) according to a previously reported method by our group \[[@CR19], [@CR20]\]. Cryopreserved primary human hepatocytes from three individual donors (Lots: RMH, NHI, and DJJ; Caucasian male) were obtained from BioreclamationIVT (Baltimore, MD, USA) and were revived according to the protocol. All hepatocytes were seeded at a density of 6.0 × 10^5^ cells/mL in 48-well plates precoated with rat tail collagen and cultured in William's E medium supplemented with 0.1 μM dexamethasone, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM glutamine, and 1% insulin--transferrin--selenium. The hepatocytes were cultured for 4 h prior to the addition of the test compounds. All cell incubations were performed in triplicate and maintained at 37 °C in a humidified incubator containing 95% O~2~/5% CO~2~.

To evaluate the effect of the induction time on the induction response, the rat hepatocytes were treated with either 0.1% dimethyl sulfoxide (DMSO) (control) or 20 μM NIM for 12, 24, 48, or 72 h. At the end of the induction period, the hepatocytes were treated with MTX (50 μM) for 24 h to determine the AOX activity. To evaluate the concentration-dependent induction of AOX by NIM, the rat and human hepatocytes were treated with various concentrations of NIM (0--20 μM for rat hepatocytes and 0--100 μM for human hepatocytes) for 24 h. At the end of the incubation, the hepatocytes were treated with MTX (50 μM) to determine the AOX activity or harvested for Western blot and quantitative real-time polymerase chain reaction (qRT-PCR) analysis. To investigate whether the increase in AOX activity was due to NIM itself or its metabolites, rat and human hepatocytes were treated with the main metabolites (20 μM M1, M2, or M4) instead of NIM.

Animal experiments {#Sec5}
------------------

All procedures in animal studies were performed in accordance with the Guide for the Care and Use of Laboratory Animals of Shanghai Institute of Materia Medica, Chinese Academy of Sciences.

Male Wistar rats weighing 200--250 g were randomized into two groups (*n* = 4/group) and treated with 100 mg·kg^−1^·d^−1^ NIM or 0.5% sodium carboxymethyl cellulose (CMC-Na) as a control for 5 successive days. At 24 h after the last dose, all rats were orally administered 50 mg/kg MTX and reared in metabolic cages with one rat in each cage. Blood samples were collected before and at 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h after MTX administration. Plasma samples were obtained by centrifugation of blood samples at 11,000 × *g* for 5 min. Urine and fecal samples were collected during the 0--24 h period after MTX administration. In addition, two other groups of rats (*n* = 4/group) were treated with the same dosage regimen mentioned above. At 4 h after the MTX dosage, the rats were sacrificed, and rat livers were collected.

Two independent experiments were carried out to investigate the dose- and time-dependent induction of AOX in rat livers by NIM. First, male Wistar rats were randomized into four groups (*n* = 5/group) and orally administered 20, 50, and 100 mg·kg^−1^·d^−1^ NIM or 0.5% CMC-Na as a control for 5 successive days. Second, male Wistar rats were randomized into six groups (*n* = 5/group) and treated with 100 mg·kg^−1^·d^−1^ NIM or the vehicle for 1, 3, or 5 days. At 24 h after the last dose, the animals were anesthetized and sacrificed through exsanguination. The livers were collected for in vitro studies. All samples were frozen at −80 °C until further analysis.

Rat liver cytosol (RLC) preparation and incubation {#Sec6}
--------------------------------------------------

The rat liver homogenate was prepared by resuspending the isolated liver tissue in homogenization buffer (20% w/v in 0.25 M aqueous sucrose solution containing 10 mM Tris and 1 mM disodium EDTA, pH 7.4) and then centrifuged at 10,000 × *g* at 4 °C for 20 min. The supernatant was further centrifuged at 100,000 × *g* at 4 °C for 60 min. The resulting supernatant (cytosol) was collected and stored at −80 °C until use. The cytosol protein concentration was measured using a BCA protein assay kit.

The AOX activity in rat livers was determined by measuring AOX-mediated metabolites from probe substrates MTX \[[@CR1], [@CR21], [@CR22]\], SGX523 \[[@CR4]\], JNJ-38877605 \[[@CR5]\], and phthalazine \[[@CR6]--[@CR8]\] in the RLCs prepared from different groups of rats. The incubation mixtures contained RLC (1.0 mg/mL), AOX substrates (50 μM MTX or phthalazine, 10 μM SGX523 or JNJ-38877605), and PBS at a final volume of 100 μL. After 60 min of incubation at 37 °C in a water bath, the reactions were terminated by adding an equal volume of ice-cold acetonitrile. To assess the involvement of AOX, the inhibitor menadione \[[@CR4]\] (10 μM) was added to the RLC incubation mixture. Each incubation was conducted in duplicate.

Western blot analysis {#Sec7}
---------------------

The hepatocyte samples were mixed with the sample loading buffer and boiled for 10 min. Equal amounts of protein were subjected to electrophoresis on a 4%--20% Bis-Tris polyacrylamide gel (GeneScript, Nanjing, China) and transferred to a polyvinylidene difluoride membrane. PageRuler Prestained Protein Ladder (10--250 kDa) was used to define approximate molecular weights. The target protein was specifically bound to rabbit anti-AOX1 polyclonal antibody, goat anti-AOX3 polyclonal antibody, or rabbit anti-GAPDH monoclonal antibody. The signal was detected with a chemiluminescent agent (Millipore, Billerica, MA, USA) after incubation with anti-rabbit IgG conjugated with horseradish peroxidase (KPL, Gaithersburg, MD, USA) or anti-goat IgG conjugated with horseradish peroxidase (Beyotime, Shanghai, China).

Rat liver samples were homogenized in ice-cold RIPA buffer containing the protease inhibitor cocktail and then centrifuged at 11,000 × *g* at 4 °C for 30 min. The supernatant was evaluated for protein concentration using a BCA protein assay kit. The resulting liver samples were then treated in a manner similar to that of hepatocyte samples.

qRT-PCR analysis {#Sec8}
----------------

RNA was extracted from hepatocyte or liver samples using TRIzol (Invitrogen, Carlsbad, CA, USA) and converted into cDNA by using the SuperScript III reverse Transcriptase Kit (Invitrogen, Carlsbad, CA, USA). qRT-PCR was performed on the Applied Biosystems ViiA™ 7 Real-Time PCR System (Carlsbad, CA, USA). The reaction was conducted in a 10-μL solution containing 2 μL of diluted cDNA, 250 or 500 nM of each primer, and 5 μL of SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA) under the following conditions: 95 °C for 10 min, 95 °C for 15 s, and 60 °C for 60 s for 40 cycles. The primer sets are listed in Table [1](#Tab1){ref-type="table"}. GAPDH was used as the internal standard gene for rat AOX1 and AOX3, and peptidylprolyl isomerase A (PPIA) was utilized for human AOX1. The cDNA levels were relatively quantitated by the comparative threshold cycle method described by Stiborova et al. \[[@CR23]\].Table 1List of primers for qRT-PCR analysis.SpeciesGeneAccessionSequenceRatAOX1NM_019363Forward5′-GATGCTTGCCAGACCCTTCT-3′Reverse5′-ATTCGACTCGTAGCCCCTGA-3′RatAOX3NM_001008527Forward5′-AGCCTCTGCAAGACCAGTCG-3′Reverse5′-AGGCATCGAGGGAGATGATTC-3′RatGAPDHNM_017008Forward5′- CTCATGACCACAGTCCATGC -3′Reverse5′-TTCAGCTCTGGGATGACCTT-3′HumanAOX1NM_001159Forward5′-TGTCGATCCTGAAACAATGCTG-3′Reverse5′-GGTGATGGGGTTGTATCGTGA-3′HumanPPIANM_021130Forward5′-CACCGTGTTCTTCGACATTG-3′Reverse5′-TCCTTTCTCTCCAGTGCTCAG-3′

Determination of AOX substrates and their metabolites {#Sec9}
-----------------------------------------------------

For measuring MTX and 7-OH MTX in rat plasma, urine, and in vitro incubation samples, 25 μL of sample was mixed with 25 μL of internal standard (100 ng/mL d~3~-MTX for plasma samples and 5 μg/mL for urine and in vitro incubation samples) and 100 μL of acetonitrile. After being vortexed and centrifuged at 11,000 × *g* for 5 min, the supernatant was injected into the liquid chromatogram--tandem mass spectrometry (LC--MS/MS) system for analysis. Rat fecal and liver samples were homogenized in an acetonitrile/water (1:1, v/v) solution and subsequently ultrasonicated for 20 min. The resulting liver and fecal homogenates were treated in a manner similar to that described above. The d~3~-MTX concentrations for analyzing liver and fecal samples were 100 ng/mL and 5 μg/mL, respectively.

The LC system consisted of an LC-30AD pump equipped with a SIL-30AC autosampler (Shimadzu, Kyoto, Japan). MTX and 7-OH MTX were separated on an Eclipse Plus C18 (100 mm × 4.6 mm i.d., 3.5 μm; Agilent) column with gradient elution of 5 mM ammonium acetate containing 1% formic acid (A) and acetonitrile (B) at 40 °C. The gradient conditions were as follows: 0--2.0 min, 10%--30% B; 2.0--2.4 min, 30% B; 2.4--3.0 min, return to 10% B; and 3.0--3.5 min re-equilibrium. The flow rate was 0.7 mL/min. MS detection was performed using an AB Sciex Triple Quad 5500 System (Applied Biosystems, Concord, ON, Canada) equipped with a TurboIonSpray ion source. Multiple reaction monitoring was used to quantify compounds in the positive ion mode (*m/z* 455.2 → *m/z* 308.2 for MTX; *m/z* 471.2 → *m/z* 324.2 for 7-OH MTX; and *m/z* 458.2 → *m/z* 311.2 for d~3~-MTX). For assaying MTX and 7-OH MTX in plasma and liver samples, the standard curve ranged from 0.01 to 10 μg/mL for MTX and 0.1 to 100 ng/mL for 7-OH MTX. For assaying MTX and 7-OH MTX in urine, feces and in vitro incubation samples, the standard curve ranged from 0.1 to 100 μg/mL for MTX and 1 to 1000 ng/mL for 7-OH MTX. The relative standard deviation (precision) and relative error (accuracy), calculated from quality control samples, were less than 15% for each analyte in the biological matrix.

SGX523, JNJ-38877605, phthalazine, and their AOX-mediated metabolites were detected using ultraperformance liquid chromatography/quadrupole time-of-flight mass chromatography as described previously \[[@CR24]\].

Statistical analysis {#Sec10}
--------------------

Pharmacokinetic parameters, including the maximum plasma concentration (*C*~max~), time to reach *C*~max~ (*t*~max~), elimination half-life (*t*~1/2~), area under the plasma concentration--time curve (AUC), and mean residence time (MRT), were calculated according to a noncompartmental model using Phoenix WinNonlin 6.4 (Pharsight, Mountain View, CA, USA) software. Data are expressed as the mean ± standard deviation (SD) and illustrated using GraphPad Prism 5.0 software. All statistical comparisons were performed using the unpaired two-tailed Student's *t*-test. **\****P* *\<* 0.05, \***\****P* *\<* 0.01, and \*\***\****P* *\<* 0.001 were considered statistically significant.

Results {#Sec11}
=======

Increase in AOX activity in rat and human hepatocytes {#Sec12}
-----------------------------------------------------

AOX was the main enzyme that catalyzed 7-OH MTX formation from MTX \[[@CR1], [@CR21], [@CR22]\]. Cytochrome P450s did not contribute to the metabolism of MTX \[[@CR25]\]. Thus, MTX was used as the probe substrate to evaluate the AOX activity in our study. First, the effect of the induction time on the induction response was evaluated. The rat hepatocytes were treated with either vehicle control or NIM for 12, 24, 48 or 72 h. Afterward, MTX was added to determine the AOX activity. As displayed in Fig. [3a](#Fig3){ref-type="fig"}, the 7-OH MTX formation in the vehicle control-treated cells significantly decreased with the increase in the preincubation period from 12 to 72 h, indicating a decrease in AOX activity. Compared with the control group, incubation with NIM for 12, 24, 48, and 72 h increased the 7-OH MTX yield by 1.7-, 2.5-, 2.7-, and 2.7-fold, respectively (Fig. [3a](#Fig3){ref-type="fig"}).Fig. 3Effects of NIM and its metabolites on AOX activity in rat and human hepatocytes.**a** Effect of induction time on the induction response of AOX activity. The rat hepatocytes were treated with either 0.1% DMSO (control) or 20 μM NIM for 12, 24, 48, or 72 h. At the end of the induction period, the AOX activity was determined using the substrate MTX (50 μM). Effects of NIM and its main metabolites on AOX activity in rat (**b**) and human (**c**) hepatocytes. Hepatocytes were treated with various concentrations of NIM (0--20 μM NIM for rat hepatocytes and 0--100 μM NIM for human hepatocytes) and its main metabolites (20 μM M1, M2 or M4) for 24 h. At the end of the induction period, the hepatocytes were treated with MTX (50 μM) to determine the AOX activity. Data are representative of three independent experiments and are reported as mean ± SD. \**P* *\<* 0.05, \*\**P* *\<* 0.01, and \*\*\**P* *\<* 0.001 vs. the control group.

According to the abovementioned results, 24 h was chosen as the hepatocyte induction time for AOX. Compared with the control group, treatment of the rat hepatocytes with 5, 10, and 20 μM NIM for 24 h increased the 7-OH MTX yields by 1.3-, 1.8-, and 3.1-fold, respectively (Fig. [3b](#Fig3){ref-type="fig"}). In addition, treatment of the human hepatocytes with 10, 50, and 100 μM NIM for 24 h increased the 7-OH MTX yields by 1.3-, 1.7-, and 2.0-fold, respectively (Fig. [3c](#Fig3){ref-type="fig"}).

NIM underwent extensive metabolism in humans and rats. The role of the metabolites in modulating AOX activity was also evaluated. As displayed in Fig. [3b](#Fig3){ref-type="fig"}, treatment of rat hepatocytes with 20 μM M1, M2 or M4 for 24 h did not increase 7-OH MTX formation. Treatment of human hepatocytes with 20 μM M2 or M4 did not increase 7-OH MTX formation (Fig. [3c](#Fig3){ref-type="fig"}). However, the treatment of human hepatocytes with 20 μM M1 increased 7-OH MTX formation by 1.4-fold.

Effects of NIM on AOX protein and mRNA levels in rat and human hepatocytes {#Sec13}
--------------------------------------------------------------------------

The effects of NIM on AOX protein and mRNA levels were investigated to explore the mechanism in the regulation of AOX activity. Two isoforms, AOX1 and AOX3, have been reported for rat AOX \[[@CR26]\]. In rat hepatocytes, NIM increased the AOX1 protein level but decreased the AOX3 protein level in a concentration-dependent manner (Fig. [4a](#Fig4){ref-type="fig"}). NIM did not alter the mRNA levels of AOX1 and AOX3 (Fig. [4b](#Fig4){ref-type="fig"}).Fig. 4Effects of NIM on AOX protein and mRNA levels in rat and human hepatocytes.Effects of NIM on the protein (**a**) and mRNA (**b**) levels of AOX1 and AOX3 in rat hepatocytes. Effects of NIM on the protein (**c**) and mRNA (**d**) levels of AOX1 in human hepatocytes. The hepatocytes were incubated with various concentrations of NIM (0--20 μM for rat hepatocytes and 0--100 μM for human hepatocytes) for 24 h. At the end of incubation, the hepatocytes were collected and processed as described in the Materials and methods. For Western blot data, each lane represents extracts from a pool of triplicate incubations (**a**, **c**). Gene expression data (**b**, **d**) were normalized against the endogenous control GAPDH (rat) and PPIA (human). The data are compiled from three independent experiments and are reported as mean ± SD. \*\**P* *\<* 0.01 and \*\*\**P* *\<* 0.001 vs. the control group.

Human liver expresses only AOX1 \[[@CR26]\]. NIM increased the AOX1 protein level in human hepatocytes in a concentration-dependent manner (Fig. [4c](#Fig4){ref-type="fig"}). Moreover, a slight increase (\<1.5-fold) in AOX1 mRNA levels was observed (Fig. [4d](#Fig4){ref-type="fig"}).

Effects of NIM on the disposition of MTX and 7-OH MTX in rats {#Sec14}
-------------------------------------------------------------

The effects of NIM on the pharmacokinetics of MTX and 7-OH MTX in rats were investigated. The plasma concentration--time curves of MTX and its main metabolite 7-OH MTX are shown in Fig. [5a, b](#Fig5){ref-type="fig"}. Table [2](#Tab2){ref-type="table"} lists the related pharmacokinetic parameters. Compared with the control group, oral administration of 100 mg·kg^−1^·d^−1^ NIM to Wistar rats for 5 days increased the *C*~max~ and AUC~0--24~ of MTX by 1.7- and 2.0-fold, respectively, and increased the *C*~max~ and AUC~0--24~ of 7-OH MTX by 4.3- and 6.5-fold, respectively.Fig. 5Effects of NIM on the disposition of MTX and 7-OH MTX in rats.Plasma concentration--time profiles of MTX (**a**) and 7-OH MTX (**b**). Liver contents of MTX and 7-OH MTX at 4 h after oral administration of MTX (**c**). Accumulated excretion of MTX (**d**) and 7-OH MTX (**e**) in 0--24 h urine and feces. Rats were pretreated with 100 mg·kg^−1^·d^−1^ NIM or 0.5% CMC-Na by gavage for 5 days. At 24 h after the last dose, all rats were orally administered with 50 mg/kg MTX. Data are reported as mean ± SD (*n* = 4). \**P* *\<* 0.05, \*\**P* *\<* 0.01, and \*\*\**P* *\<* 0.001 vs. the control group.Table 2Pharmacokinetic parameters of MTX and 7-OH MTX after oral administration of MTX (50 mg/kg) to rats pretreated with 100 mg·kg^−1^·d^−1^ NIM or 0.5% CMC-Na by gavage for 5 days.MTX7-OH MTXControlNIMControlNIM*t*~1/2~ (h)2.45 ± 0.6922.39 ± 0.5975.19 ± 1.644.47 ± 1.66*t*~max~ (h)0.563 ± 0.3150.833 ± 0.2893.50 ± 1.913.00 ± 1.00MRT~0--24~ (h)3.43 ± 0.5734.01 ± 0.1954.33 ± 0.1006.16 ± 0.550\*\*\**C*~max~ (μg/L)161 ± 36.8268 ± 42.5\*\*0.870 ± 0.4403.75 ± 0.740\*\*\*AUC~0--24~ (h\* μg/L)678 ± 1731387 ± 256\*\*5.01 ± 2.4832.5 ± 7.01\*\*\*Data are reported as mean ± SD (*n* = 4).\*\**P* \< 0.01 and \*\*\**P* \< 0.001 vs. the control group

The effects of NIM on the liver distribution of MTX and 7-OH MTX in rats were also evaluated. The MTX concentration in the livers of NIM-treated rats decreased by 34% at 4 h after MTX administration, whereas that of 7-OH MTX increased by 2.5-fold (Fig. [5c](#Fig5){ref-type="fig"}).

Finally, the effects of NIM on the urinary and fecal excretion of MTX and 7-OH MTX were assessed. The accumulated excretion of MTX in 0--24 h urine increased by 1.8-fold, and no significant change was observed in the accumulated excretion of MTX in 0--24 h feces (Fig. [5d](#Fig5){ref-type="fig"}). In addition, the accumulated excretion of 7-OH MTX in 0--24 h urine and feces increased by 5.2- and 2.1-fold, respectively (Fig. [5e](#Fig5){ref-type="fig"}).

Dose- and time-dependent increase in AOX activity in rats treated with NIM {#Sec15}
--------------------------------------------------------------------------

Rats were orally administered 20, 50, or 100 mg·kg^−1^·d^−1^ NIM or vehicle for 5 days or administered 100 mg·kg^−1^·d^−1^ NIM or vehicle for 1, 3, or 5 days. The livers were collected at the indicated times. The AOX activity in rat livers was evaluated by measuring the AOX-mediated metabolites from probe substrates (MTX, SGX523, JNJ-38877605, and phthalazine) in liver cytosols prepared from different groups of rats.

The 7-OH MTX formation in the liver cytosol from rats pretreated with 20, 50, and 100 mg·kg^−1^·d^−1^ NIM for 5 days increased by 1.9-, 3.2-, and 3.7-fold, respectively, compared with that from rats pretreated with the vehicle (Fig. [6a](#Fig6){ref-type="fig"}). In addition, the 7-OH MTX formation in the liver cytosol from rats pretreated with 100 mg·kg^−1^·d^−1^ NIM for 1, 3, and 5 days increased by 1.0-, 2.0-, and 3.8-fold, respectively (Fig. [6b](#Fig6){ref-type="fig"}). The addition of menadione, a specific AOX inhibitor \[[@CR4]\], markedly suppressed 7-OH MTX formation. Moreover, the AOX-mediated metabolites from SGX523, JNJ-38877605, and phthalazine in the liver cytosol from NIM-treated rats (100 mg·kg^−1^·d^−1^ dose, 5 days) increased by 3.4-, 3.8-, and 2.5-fold, respectively, compared with those from nontreated rats (Fig. [6c](#Fig6){ref-type="fig"}).Fig. 6Dose- and time-dependent increase in AOX activity in rats treated with NIM.**a** AOX-mediated 7-OH MTX formation from MTX in RLC from rats pretreated with 20, 50, and 100 mg·kg^−1^·d^−1^ NIM or 0.5% CMC-Na as a control for 5 days. Menadione was used as a specific AOX inhibitor. **b** AOX-mediated 7-OH MTX formation from MTX in RLC from rats pretreated with 100 mg·kg^−1^·d^-1^ NIM or the vehicle for 1, 3, and 5 days. **c** AOX-mediated formation of 2-quinolinone-SGX523, 2-quinolinone-JNJ-38877605, and phthalazone from SGX523, JNJ-38877605, and phthalazine, respectively, in RLC from rats pretreated with 100 mg·kg^−1^·d^−1^ NIM or the vehicle for 5 days. Data are reported as mean ± SD (*n* = 5). \*\*\**P* *\<* 0.001 vs. the control group.

Effects of NIM on AOX protein and mRNA levels in rat livers {#Sec16}
-----------------------------------------------------------

NIM increased the AOX1 protein level but decreased the AOX3 protein level in a dose-dependent manner (Fig. [7a](#Fig7){ref-type="fig"}). Moreover, no significant alteration in the mRNA levels of AOX1 and AOX3 was observed (Fig. [7b](#Fig7){ref-type="fig"}).Fig. 7Effects of NIM on AOX protein and mRNA levels in rat livers.**a** Effects of NIM on the protein levels of AOX1 and AOX3 in rat livers. **b** Effects of NIM on the mRNA levels of AOX1 and AOX3 in rat livers. The rats were orally administered with 20, 50, and 100 mg·kg^−1^·d^−1^ NIM or 0.5% CMC-Na as a control for 5 days. The rats were then sacrificed, and liver samples were collected and processed as described in the Materials and methods. For Western blot data, each lane represents extracts from a pool of five animals. Gene expression data are reported as mean ± SD (*n* = 5).

Discussion {#Sec17}
==========

The number of drugs metabolized by AOX is increasing. However, AOX-mediated drug interactions are seldom reported due to the lack of appropriate inhibitors and inducers. To date, no published studies have focused on AOX induction by commonly used clinical drugs. This study demonstrated for the first time that NIM, a commonly prescribed nonsteroidal anti-inflammatory drug, could increase the AOX activity of humans and rats.

To our knowledge, CYP induction studies are usually conducted following 48--72 h of treatment of hepatocytes with a test inducer to achieve the maximal induction response. However, few studies have focused on the optimal induction time for AOX activity. Thus, the effect of induction time on the induction response of AOX was first investigated in our study. MTX was mainly metabolized to 7-OH MTX by AOX \[[@CR1]--[@CR3]\] and was used as a probe substrate to evaluate the AOX activity. The AOX activity in rat hepatocytes decreased with the increase in the preincubation period, and no significant difference was observed in the induction response of 24 h compared with that of 48 or 72 h. Thus, 24 h was chosen as the hepatocyte induction time for AOX activity.

Based on our previous studies, NIM was toxic to rat and human hepatocytes, with IC~50~ values of 40 and 213 μM, respectively \[[@CR20]\]. To avoid a toxic response, the NIM concentration ranges of 0--20 and 0--100 μM were selected for the induction of AOX in rat and human hepatocytes, respectively. Treatment of rat and human hepatocytes with NIM for 24 h increased the 7-OH MTX formation in a concentration-dependent manner, indicating that NIM could increase the AOX activity of humans and rats. The turnover of MTX to 7-OH MTX mediated by AOX was low in human and rat hepatocytes, indicating that human and rat AOX had a very low affinity for MTX. Similar results were also reported in previous studies \[[@CR1], [@CR3]\]. 7-OH MTX was not detected in patients receiving conventional-dose therapy. However, with high dose (\>50 mg MTX/kg) therapy regimens employed for the treatment of certain cancers, as high as 33% of MTX could be excreted as 7-OH MTX \[[@CR21]\]. These data suggested that the conversion of MTX to 7-OH MTX was a dose-dependent phenomenon with the enzyme involved having a low affinity.

Treatment of the rat hepatocytes with the NIM metabolites did not increase the 7-OH MTX formation, suggesting that the increase in rat AOX activity was due to NIM itself instead of its metabolites. Interestingly, treatment of human hepatocytes with 20 μM M1 for 24 h increased 7-OH MTX formation by 1.4-fold, indicating that M1 could increase human AOX activity. The different effects of M1 on human and rat AOX activity suggested that species differences existed in AOX induction.

Furthermore, in vivo experiments were carried out to verify the in vitro results. Oral administration of 100 mg·kg^−1^·d^−1^ NIM to rats for 5 days significantly increased the systematic exposure (6.5-fold), liver distribution (2.5-fold), and the urinary (5.2-fold) and fecal (2.1-fold) excretion of 7-OH MTX, indicating that NIM significantly increased the 7-OH MTX formation in rats.

The effect of NIM on AOX activity in rat livers was evaluated. Rats were administered NIM with different doses and times. The AOX activity in rat livers was characterized by the formation of 7-OH MTX in liver cytosols prepared from different groups of rats. A dose- and time-dependent increase in AOX activity was confirmed in the livers of rats in response to NIM. In addition to MTX, the metabolism of other AOX substrates was also enhanced. All these findings demonstrated that NIM pretreatment increased AOX activity in rat livers.

Previous studies demonstrated that NIM underwent nitro-reduction by AOX \[[@CR20], [@CR27]\]. According to Paragas et al. \[[@CR28]\], reductive transformation occurred at a second site within AOX that was kinetically distinct from the oxidative site. The nitro-reduction of NIM might be involved in AOX enzyme stabilization, thus increasing its activity. To test this hypothesis, various concentrations of NIM (5--20 μM) were directly added to the RLC incubation of MTX. However, compared with the incubation containing no NIM, no significant difference in 7-OH MTX formation was observed (Supplementary Fig. [S1](#MOESM2){ref-type="media"}), indicating that the increase in AOX activity by NIM was not due to direct activation.

The protein and mRNA levels were analyzed to consider the mechanism involved. NIM increased the AOX1 protein level but decreased the AOX3 protein level in rat livers. Vila et al. \[[@CR29]\] reported that AOX1 and AOX3 oxidized the same spectrum of exogenous substrates, and AOX1 was more efficient than AOX3 in oxidizing various substrates. This might explain why the elevation of AOX activity in the liver of NIM-treated rats was observed, although the AOX3 protein level decreased. Consistent with the results obtained from rat experiments, a concentration-dependent increase in the AOX1 protein level was observed in human hepatocytes treated with NIM. Notably, there was no significant alteration of AOX mRNA levels after NIM treatment. The inconsistency between the mRNA level of AOX and the corresponding protein level and activity has been reported by a few studies \[[@CR13], [@CR30]--[@CR32]\]. The studies by Calzi et al. showed that a correlation between AOX mRNA and protein levels in various tissues was not always evident, suggesting that both transcriptional and translational events controlled the expression of AOX \[[@CR30]\]. Kurosaki et al. reported that despite similar amounts of AOX1 mRNA in the livers of male and female mice, the corresponding protein level and enzyme activity in the livers of male mice were significantly higher than those in female mice. It was likely that androgens regulated AOX activity by a translational or posttranslational mechanism \[[@CR31]\]. Rivera et al. documented that there was a remarkable time lag between the accumulation of AOX1 mRNA and its translational products during the induction of AOX1 by dioxin, indicating that factors other than increased gene transcription contributed to the regulation of AOX1 \[[@CR13]\]. All these reports showed that the mechanisms by which NIM increased AOX activity were highly complicated and should be investigated from a variety of aspects, which would be the subjects of future studies.

The *C*~max~ and AUC values of MTX also increased in the plasma of NIM-treated rats, which was not consistent with the results of only increasing the AOX activity due to NIM. It has been reported that MTX is a substrate of the uptake transporter organic anion transporting polypeptides (OATPs) and efflux transporters breast cancer resistance protein (BCRP) and multidrug resistance-associated protein 2 (MRP2) \[[@CR33]--[@CR35]\]. Our previous studies also demonstrated that NIM was an inhibitor of OATPs and MRP2 \[[@CR19]\]. Thus, the transporter-based drug interactions between NIM and MTX might affect the distribution and metabolism of MTX in rats. Herein, a sandwich-cultured rat hepatocyte experiment \[[@CR19]\] was performed to evaluate the effect of NIM on the hepatobiliary disposition of MTX. NIM reduced the cellular plus biliary accumulation of MTX in a concentration-dependent manner. Moreover, the biliary excretion index (BEI) of MTX was not changed after NIM treatment (Supplementary Fig. [S2](#MOESM3){ref-type="media"}). These results showed that NIM significantly inhibited the uptake of MTX and did not inhibit the efflux of MTX, which led to decreased liver exposure and increased plasma exposure of MTX in rats. Although MTX exposure in NIM-treated rat liver was reduced, the concentration of the metabolite 7-OH-MTX was still increased due to the increased AOX activity caused by NIM.

In conclusion, this study demonstrated for the first time that NIM could increase the AOX activity of humans and rats. Our results may partially explain the increased liver injury risk of MTX caused by the combination with NIM and may raise concerns regarding the risk of drug interactions between NIM and AOX substrates in clinical practice.
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